Abstract. In this paper we discuss and model the effects of the density of defects in hydrogenated amorphous silicon from an electronics point of view. To this end, we have created a SPICE model that accounts for the two main field effects, Poole-Frenkel and tunnel, responsible for the leakage current. The comparison between our model and the experimental data shows that our approach allows a quick evaluation of the quality of the device with no need to run a complete steady state measurement. Also, we have validated our SPICE photodiode model by implementing it into a three CMOS simple pixel structure.
Introduction
High-quality amorphous/polymorphous silicon p + -i-n + photodiodes show very small dark leakage current, allowing the detection of low intensity illuminations with a dynamic range of several orders of magnitude [1, 2] . Those qualities, compatible with the CMOS 1 technology, position them as good candidates for the achievement of very high efficiency optical sensors [3, 4] . Due to the complexity and the countless mechanisms which describe the behaviour of a pixel based on a p + -i-n + diode, our interest in the use of the p + -i-n + photodiode in sensor matrix applications involves the analysis and the optimisation of such devices by a complete simulation process. In this paper we propose a 1D SPICE [5, 6] model for a p + -i-n + photodiode based on two main assumptions. First, the planar symmetry of the surface of the pixel allows to transform a 3D problem (width, length and depth) into a 2D problem (length and depth). Second, the high ratio length/depth allows to neglect the border effects, thus to go from a 2D model to a 1D model where only the depth effects are taken into consideration. In the following we refer the depth as the z axis.
The content of this paper is divided into four parts. In the first part we present the main physical effects that account for the leakage current as well as the formalism used to model them.
In the second part we present a procedure based on the analysis of dark and light current/voltage characteristics to extract the physical parameters. a e-mail: razvan.negru@polytechnique.edu 1 
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The light excitation model is presented in the third part. A separated block simulate the photodiode response to a uniform white light pulsed excitation. We specify the absence of the spectral behaviour from this model.
Finally, the fourth part shows how the model can be applied to simulate the integration of the photodiode in a three CMOS pixel structure.
Formalism and field effects
p + -i-n + photodiodes realized in a-Si:H have, in reverse polarization (around −1 V), a very weak dark current (∼10 pA/cm 2 ) [1] . This property is extremely useful as it allows high light sensitivity together with a very large dynamic range. In order to model the response of the photodiode it is necessary to understand the physical phenomena that give rise to the dark current. To do so, we review here the formalism from the base of our calculations together with the two field mechanisms that influence the hole-electron pair thermal generation: the PooleFrenkel [7] and tunnel [8] effects.
Steady state leakage current formalism
Lemmi [9] has given an extended expression to model the effect of the electric field on the steady state current of a p + -i-n + photodiode under reverse bias:
Where q is the electron charge, N D the average density of defects, A the sensor surface, d the i-layer thickness, k the Article published by EDP Sciences 
where V BT IN is the built-in-potential of the junction and ∆E(V ) is the decrease of the barrier to the emission of trapped electron for a V voltage. The rightmost factor in e.g. (2) accounts for non-uniform emission in the i-layer at low bias. The emission of a trapped electron from a Coulomb well in presence of an electric field (Poole-Frenkel effect) is accompanied by the emission of a hole to the valence band, through the tunnel effect [10] . The emission probability is a function of the energy depth in the gap. For a given voltage, E F D can be found by equating the emission probabilities to the conduction and valence band. Equations 3 :
give the decrease of the emission energy barrier as a function of a voltage, V , due to the Poole-Frenkel and tunnel effects respectively; ε is the permittivity of a-Si:H, V BT IN is the junction potential, d is the i-layer thickness and R T is the tunnel length. After this short review of the Lemmi's formalism [9] , used as the basis of our model, let us first propose a simplification of the former model, such as taking the value of E F D constant. In fact E F D is the energetic level at which the probability of occupation of a state by a charge is 50%. We can talk about two quasi-Fermi levels, one for holes E F Dp and one for electrons E F Dn , in the case of an extrinsic semiconductor where the volume number of free electrons is different from one of free holes (here we talk about currents of drift and diffusion). This happens when an electrical field is applied or where the structure is doped. If we neglect the drift and diffusion current we can suppose that our semiconductor is at equilibrium and it is intrinsic, in this case the Fermi level is equal with the intrinsic Fermi level which is the mid-gap. This simplification facilitates also the convergence of the SPICE numerical routines to a stable solution.
In consequence, the saturation current, I S , will be represented by the following expression:
given by e.g. (1) where the E F D = −(E C + E V )/2, i.e. the mid-gap, and the gap is Another approach that we have introduced in e.g. (2) is related to the non-uniform emission in the i-layer at low bias, that allows to substitute Lemmi f (V ) by the transfer function of a given circuit. A detailed discussion of this circuit will be presented in Section 2.3.
In the following section we present the physical phenomena caused by the two-field effects at the basis of the steady state leakage current.
Poole-Frenkel effect
In general there are two main effects that can explain the release of an electron trapped in a Coulomb well due to the electric field, the Poole-Frenkel and the tunnel effects. The Poole-Frenkel effect can be represented by a diminution of the Coulomb potential barrier when an external electrical field is applied. In fact, the Poole-Frenkel effect represents the decrease of a potential barrier of a charged capture level in a semiconductor or in an isolator. As a consequence, the Poole-Frenkel effect increases the emission frequency of carriers (electrons or holes) starting from initially neutral states [10] .
For simplicity, we have uncoupled graphically the Poole-Frenkel and the tunnel effects to explain the leakage current. Figure 2 shows the Poole-Frenkel effect for a Coulomb well situated in the conduction band (CB).
According to the figure, in absence of the tunnel effect, a Poole-Frenkel effect strong enough (∆E PF strong ) can release the electron out of the potential well, whereas a weaker effect (∆E PF weak ) will only send the electron to a bound state into the well. E is the energy axis and z is the modelling axis (depth of the photodiode structure previously defined in Fig. 1 ). E t is the transition level, which is a function of the nature of a particular defect. E vl = E C (0) − F z is the virtual level energy at the point z, where E C (0) is the conduction band energy level at z=0 point and F (V/cm) is the applied electrical field.
Tunnel effect
Transitions due to the tunnel effect can occur either from neutral or from charged states, whereas the Poole-Frenkel can take place only from neutral states. Depending on the origin of the tunnel effect we can talk about either pure or phonon-assisted tunnel effect [8, 10] .
The pure tunnel effect corresponds to the tunnelling of electrons (or holes) caught in the deep levels towards the conduction (or valence) band situated at the same energy called "horizontal" transitions (see Fig. 3 ).
Regarding the phonon-assisted tunnel effect, we refer to the Vincent approach [8] , which is based on the virtual level concept in the band gap ("vertical" transition, = thermal effect, + "horizontal" transition, = tunnel effect). The probability of a thermal-assisted tunnel transition from a deep level E t is the product of the probability of a thermal transition from E t to the virtual level E vl , by the probability of a pure tunnel transition from E vl to the conduction (valence) band. The difference between them is in fact that the treated transitions are the horizontal ones (i.e. at the same energy level).
In practice the Poole-Frenkel and the tunnel effects are coupled, here, we have presented them separately for clarity, but if we want to model the leakage currents we have to consider them as a whole (∆E PF + ∆E TUN ).
Model implementation (static components and dynamical model)
The dark current in reverse polarization gives the dynamical range of a p + -i-n + junction. Theoretically, the inferior limit of this range is set by the leakage current due to the thermal generation processes. The I(V ) characteristic is the most common criterion to evaluate the performances of any kind of photodiode.
The I(V ) characteristic curve is obtained by measuring the current which passes through the photodiode using a polarization voltage slope. The measurement must be performed in the dark and under illumination. The voltage range is chosen in order to obtain both the direct and reverse polarization working modes.
In our particular case, to obtain the I(V ) characteristics, the polarization voltage interval was set from −3 V to 1 V, with a 0.01 V step resolution and a 1s delay between steps to ensure stabilization. The current measurements were realized by integrating, "n" electrical periods at 50 Hz.
Model achievement

Physical parameters measure
Measured dark I(V ) characteristics lie at the basis of our modelling [1, 2] . Generally, the dark I(V ) characteristics are divided into three zones: the direct polarization zone, the transition zone (important for the dynamical circuit) and the negative reverse polarization zone. Figure 4 illustrates the physical parameters that can be extracted from a typical I(V ) characteristic curve: the serial resistance (R S ), the saturation current (I S ), the ideality factor (N ), In practice the photodiode is operated in reverse mode in order to enhance photocurrent efficiency and to avoid direct polarization current, which is more important than the reverse current.
Equivalent circuit of our photodiode
SPICE allows the customization of electronic components using predefined component libraries [5, 6] . The circuit of Figure 5 , which describes our photodiode, is conceived using a combination of different basic electronic components.
In the circuit of Figure 5 , the dark current was simulated by two voltage current generators, one for the direct polarization (I dd -direct dark) and the other for the reverse polarization (I rd -reverse dark). The light current, I ligth , was simulated with only one generator (I l ). We specify that the polarization tension for the dark current block is different from the one for the light current block (V l -lightning effect voltage), but the outputs of these two blocks are connected. The response due to a light pulse, was simulated by means of a specific circuit placed between the light current generator I l and the lightning effect voltage V l (see Sect. 3). From our experimental measurements we noticed an inversion of the photodiode current sign for negative potentials (see in Fig. 4 the dark current transitory zone). The feature located in the transition zone of the I(V ) characteristic curve was simulated with a parallel circuit (made of OA 4 , R d/dt and I tetransitory effect). The objective of this circuit is to model the non linear behaviour in voltage of the photodiode parallel capacity and resistance. To do so, we have put in the OA the function f (V, C) that best fits the capacity nonlinear behaviour. As a result, the circuit has the role to shift the zero point position of the I(V ) (it replaces the rightmost factor from e.g. (1), i.e. f (V ), and it is based upon the idea of a parallel series RC). The series resistance (R S ) is situated before the current output, which represents our simulation circuit answer. This circuit was associated to the symbol represented in Figure 6 .
Static components
We consider as static components the dark current and the series resistance.
Dark current under direct polarisation
Our definition of the dark current in direct polarisation is based on the classic formula:
where I S is the saturation current, q the electrical charge, V the polarization voltage, k the Boltzmann constant, T the absolute temperature and N the ideality factor. In order to calculate I S we made the following approximation:
then, using the empirical I(V ) characteristics (Fig. 4) between 0 and 0.7 V, we can determine the values of I S and the ratio q NkT to be ( ∼ =50 fA) and ( ∼ =24 V −1 ) respectively. If we define the following constants:
we can rewrite the expression (7) as:
Knowing the values of q, k and T (300 K), we can find the value of the ideality factor, N ( ∼ =1.6).
In general, we simulate the dark current under direct polarization through a voltage-controlled current source with the following equation: suppose to be constant in our model. To do so in practice, we fit a straight line given by:
where M 2 has no physical meaning and R S is related to M 3 by:
(for our photodiode the value of R S is almost 12 kΩ).
Dark current under reverse polarisation
As we can see in Figure 5 , at the basis of the dark current stays two voltage-controlled current generators: I dd and I rd . I dd also called I direct-dark is due to the photodiode direct polarization:
as has been previously stated in Section 2.2.1. I rd also called I reverse-dark , is due to the reverse polarization:
The second exponential accounts for the Poole-Frenkel and tunnel effects (see e.g. (3) and e.g. (4)), the addition ∆E PF + ∆E TUN represents the fact that both effects are coupled.
In reverse mode and small voltages in absolute value, we can consider that the Poole-Frenkel effect is negligible compared to the tunnel effect. Then, in order to obtain the tunnel effect parameter ∆E TUN , we have taken the absolute value of e.g. (14) and then rewritten it as follows:
where I 0 = I S (e qV N kT − 1). In reverse polarization the exponential is negligible, reason why I 0 can be considered as a constant, i.e. I 0 = I S , as it has already stated (see e.g. (9)). In practice, we have chosen a voltage interval for which the measured I(V ) characteristic curve will be linear in a logarithmic scale. This interval, which is going to be the standard operation mode of the photodiode, is bounded between −2.6 V and −1.2 V (see Fig. 4 ). The experimental points of the I(V ) characteristic can be adjusted using the following function:
Then after equating expressions (16) and (15) we can obtain the following equivalences:
and
The 
(V BT IN = 1.0188 V).
Therefore: 
is the thickness of the intrinsic layer (in our case it is 0.5 µm), and ε is the a-Si:H permittivity.
Then we can conclude that the dark current is obtained by the addition:
Dynamic model components (Transition zone)
An important feature of the I(V ) characteristic curve is the transition zone (see Fig. 4 ), where the intensity passes from negative to positive. In our case the transition occurs around −0.7 V. In order to model the position of the transition zone as a function of the voltage, we have added a parallel circuit consisting of an OA, an R d/dt and I te (see Fig. 5 ).
The physical parameters that define the position of the transition zone are parallel resistance, the spatial charge zone capacity for a nonzero polarization, and the dynamic capacity of the photodiode. Because of the dynamic capacity, the photodiode parallel capacity has a voltage nonlinear response, which is the reason why we had to use the parallel circuit.
The value of the parallel capacitance, C = C(v), depends on the applied voltage, v. If we note as u C the potential drop across the capacitor, we obtain for an equivalent series RC circuit the following equation:
where i is the current intensity that passes through the series RC circuit. The voltage across the capacitor is a function of current integrated over time, so for u C we obtain:
From which we can obtain the following expression for the current intensity:
Because we want to use the voltage as variable, we have multiplied both sides of e.g. (24) by R, thus obtaining:
Regarding the parallel circuit, the decrease of potential described by e.g. (22), u C = v − iR, is caused by the differential circuit before the OA (see Fig. 5 ). The voltage, v, appears in the expression of the C, but also in the expression of u C , so we decided to apply the non-linear behaviour only to the u C , and obtained the following expression:
with:
where f is the mathematical function that best fits the real behaviour of the capacitor. So, the OA applies the function Cf(v), C is a constant and it is not affected by the derivation. The component connected in series with the OA, R d/dt, performs the operation R d (Cf (v) ) dt . Finally, the I te is controlled by the R d/dt output voltage that will be divided by R (i.e. globally we have for our current the form from e.g. (26)).
The numerical values for R and C were found empirically after successive simulations.
Model of the light impulse response
Regarding the I(V ) characteristic measured under illumination, (Fig. 4) , we notice that in the working zone of our photodiode, its value is almost constant. Accordingly, we can obtain the value for I light , that in our simulation multiplies the voltage-controlled current source that represents the light excitation (I l from Fig. 5) . We used as a source of illumination an ordinary light bulb.
Although the spectral response has not been realized here, it can be implemented using a filter on the input of the lighting effect voltage.
The dynamical part of the behaviour under illumination was simulated in terms of a light impulse response. To do so, we put the photodiode in the dark reverse polarization (a voltage around −1 V). After a long stabilization time we sent a short pulse of white light and measured the current return to the anterior equilibrium state as a function of time. The curve shown in Figure 7 gives the measured response for a p + -i-n + photodiode from VAIC1C type (this measurement was realized in collaboration with CEA/LETI).
The circuit needed to model the response to the light impulse of the photodiode was interposed between the lighting effect voltage input and the voltage-controlled current source commanded by this one (i.e. between V l and I l from Fig. 5 ). We notice, from the measured response, two features. The first one is characterized by an abrupt decrease. The second feature depicts a second decrease, slower than the first. Both features were simulated using two RC circuits with time constants of 1 µs (R τ s , C τ s ) and 0.2 s (R τ b , C τ b ) respectively. Both RC circuits are connected to two voltage correction circuits, V CC 1 and V CC 2 , whose role is to correct the intensity level (I l ) of the fast and slow responses in order to match them for a constant tension (V l ) of 1 V. This observation is interesting because we will look for a V l around 1 V for tracing our I(V ) under illumination. 
Model validation
Simulation of photodiode I(V) characteristics
In order to validate our results we traced the I(V ) characteristic under dark and illumination conditions. We used a voltage stimulus between −3 V and 1 V with a step of 0.01 V and a delay of 1 s, which is identical to how the real measurement was done (see chapter 2).
In Figure 9 the experimental and the simulated I(V ) characteristics for both the dark and the illumination conditions are shown.
The simulated characteristics fit well to the real ones. The value of V l (Fig. 5) , used to simulate the light response, was 1 V. In that way, the dynamic range of the response of the photodiode to the light is bounded between 0 and 1 V. This result is coherent with our original expectations (see the observation made before the Fig. 8 ). Another interesting aspect is the static answer that consists in the comparison between several I(V ) characteristics measured with identical voltage steps but for different delay times. From those measurements we have observed that the shorter the sampling time is, the bigger the shift of the zero current passing voltage (V OPEN ) from zero is. For long sampling times, the zero passing voltage tends towards 0 V. This behaviour is related to the density of defects in the a-Si:H material which was used to make the photodiode. In general, for current photodiodes, with a high density of defects, the I(V ) measurements with small sampling periods are eloquent, but for high quality photodiodes alternative methods are recommended.
The different delay times, used in the simulations shown in Figure 10 , were: 0.125, 0.25, 0.5, 1 (our reference), 2, 4 and 8 s. In conclusion, we can say that the model represents accurately the behaviour of a real photodiode under both dark and illumination conditions.
Photodiode model integration within a pixel structure
For illustration purposes we show an example of the use of our photodiode model. In this example the photodiode is integrated within a pixel made with 3 CMOS transistors [4] represented in Figure 11 .
Regarding Figure 11 , D is our photodiode, Q 1 , Q 2 and Q 3 are the pixel CMOS transistors. V polarisation is the polarisation voltage for our photodiode, whose value is in the range [−2.6, −1.2] V, V light is the voltage that simulates the light excitation, which corresponds to V l from Figure 5 , and whose value is in the range [0, 1] V. VDD is the CMOS transistors polarisation voltage, in our case it is −0.6 V. V reset is the reset voltage signal for Q 1 ; here, the reset is set at the VDD value. V read is the reading voltage signal for our pixel and controls the Q 3 CMOS transistor. V out photodiode is the voltage that comes out from the photodiode and that controls the Q 2 gate. V out pixel is the output voltage signal of the pixel circuit. Figure 12 shows the input and the output signals of the pixel.
From Figure 12 we can conclude that the output voltage signal of the photodiode is inverted with respect to the sign of the lighting effect voltage. In addition, the CMOS pixel follows proportionally the photodiode signal. So we can conclude that we have successfully integrated our photodiode model into a main pixel structure.
Conclusions
In this article we presented a new model for a photodiode. The model is based mainly on two physical effects, the tunnel and the Poole-Frenkel effects, which describe the decrease of the energy barrier to emission by a voltage. The proposed SPICE model for the a-Si:H p + -i-n + photodiode represents properly the dynamics of the polarization voltage. In particular, the model allows the simulation of I(V ) characteristics, both in dark and illumination conditions, which fit well with the corresponding experimental ones. The model also proves its validity to the study of the static behaviour.
Clear insights into the aspects that make the model correspond considerably to reality are given by precise definition of the photodiode work zone.
The successful integration of the photodiode model within a pixel structure proves the interest for further developments, such as the complete implementation of a whole sensor circuit.
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Finally, we wish to express our belief that this paper provides the reader not only with a good and simple SPICE p + -i-n + photodiode model, but also with a clearer understanding of the link between experiment, scientific validation and development in practical applications in the context of a laboratory study.
